Research on the periodic characteristics of the runoff evolution in the Lower Yellow River is of great importance for flood control, beach regulation and water resources utilization in the Lower Yellow River. By using wavelets to conduct scale analysis of runoff series, the periodic change rule of runoff series on different scales can be obtained. By using the maximum entropy spectrum to analyze the spectrum of runoff, the main period of runoff sequence can be obtained. In this paper, these two methods are applied to the annual runoff of the Lower Yellow River. The results show that: the annual runoff in the Lower Yellow River has multi-scale change law; the four stations have the same main period; there are differences in periodicity between stations, as the catchment area increases, the quasi-periodic value decreases, and the periodic fluctuation becomes more obvious; after 2018, the annual runoff of the Lower Yellow River will be in the dry season. Furthermore, the study can reveal the change law of runoff sequence in the Lower Yellow River to a certain extent, and provide a theoretical basis for river management.
INTRODUCTION
() used wavelet multiscale analysis to study the periodical changes of runoff and sediment discharge in the Weihe River. the best of our knowledge (Zelda et al. ) , there is limited literature on the quantitative research on the evolution period of runoff; in particular the application of different methods of scientific analysis is still lacking. The maximum entropy spectrum estimation is a nonlinear spectral estimation method with high resolution (Nie & Wang ) . It can overcome the subjective of autocorrelation function selection in the traditional spectral analysis method. Wavelet analysis has a good ability to solve nonlinear series, especially in the time and frequency domain. In this paper, the maximum entropy spectrum method and Morlet wavelet method are applied to the annual runoff in the Lower Yellow River. By analyzing the periodic change law and future change trend of runoff, this paper provides a theoretical basis for river management in the Lower Yellow River.
METHODS

Maximum entropy spectrum analysis
Entropy was first proposed by Rudolf Clausius in 1865 and is an index of the uncertainty of random variables. It describes the degree of confusion or disorder in a system; the greater the entropy, the higher the uncertainty of the random variable. After that, the maximum entropy spectrum analysis method was proposed by Burg () . Entropy spectrum is based on entropy: the maximum entropy method is to extract the maximum amount of information from the known signal, however the information is constrained by the autocorrelation function.
The calculation process of maximum entropy spectrum analysis is as follows: find the autocorrelation function value of the original data and construct the matrix R(m þ 1):
where R(m þ 1) is semi-definite matrices, both the determinant and the principal minor are less than 0.
The prediction formula of the autoregressive signal of maximum entropy spectrum is shown as follows (Chatfield ):
where X j is the time series data,
a i is autoregressive coefficients; e is the prediction error, By making some transformations to Equation (2), the prediction error can be calculated by Equation (3):
The prediction error spectrum can be described by the error filter coefficient and the convolution of known data:
where E(ω) is the spectrum of the prediction error e j ; A(ω) is the spectrum of the prediction error filter; X(ω) is the spectrum of the known data X( j). The power spectrum of X (ω) is shown below (Burg ):
where p m is the power of the prediction error.
The prediction error of filter coefficient (a m ) and the power of the prediction error (P m ) are calculated by the Burg algorithm.
Burg recursive method
The Burg recursive method (Burg ) is a typical algorithm for maximum entropy spectrum analysis, it can be used to estimate the parameters of autoregressive model in a simple and effective way. The prediction error factor a m with a predictive step size of one should satisfy the following equations (Anderson ): 
The recurrence relations of different order filter coefficients is constructed as follows:
The recurrence relations between p m and the least phase of the filter coefficient a m m is as follows:
After the filter coefficient is calculated, the spectrum of the prediction error filter can be obtained. The initial value of the predicted error power is shown below:
Several methods can be used to determine the order m.
For the selection criteria of optimal values of order, there are FPE, AIC and CAT criteria. However, some scholars (Ulrych & Bishop ) advocated the FPE criterion for geophysical data, therefore, the FPE criterion is used in this study. The FPE can be defined as (Akaike ):
where m is order; N is number of samples; and P m is the prediction error power, which decreases with the increase of m.
Because N þ m þ 1/N-m-1 increases with the increase of m, there must be a point that makes the FPE (m) value minimum at that point, so the corresponding m will be the best order.
The quasi-periodic can be obtained by spectrum analysis. In the maximum entropy spectrum figure, find out the corresponding frequency of the crest value, because the frequency is the reciprocal of the period, therefore the period of time series can be obtained by the taking the reciprocal of frequency.
Wavelet analysis
The measured runoff series is often characterized by com- Wavelets are a kind of function that can rapidly attenuate to zero. The wavelet function expression is as follows:
where ψ(t) is the wavelet basis function.
The wavelet transform
For a given wavelet function ψ(t), the continuous wavelet transform of the hydrological time series is shown below:
where ψ a,b (t) is the sub-wavelet; a is the scale parameter which describes the period length of wavelet; b is the time parameter which describes the translation of wavelet in time.
The wavelet transform (Grossmann & Morlet ) of time series f(t) ∈ L 2 (R) is as follows:
where W f (a, b) is the wavelet transform coefficient; f(t) is the square integrable function; a is the scale parameter; b is the time parameter:
The wavelet coefficient contour line represents the real part of wavelet coefficients. If the value of the real part of wavelet coefficients is positive, it represents the abundant water period of runoff. If the value of the real part of wavelet
Wavelet variance
The Morlet function, representing a wave modulated by a Gaussian envelope, is given by:
where c is the the constant number; i is the imaginary number.
The wavelet variance is defined as the integral of any wavelet coefficient of different time scales in the time domain. The equation is given below:
The wavelet variance figure 
If c ¼ 6:2, then T ≈ a, and the wavelet can be used for periodic analysis. Figure 1 ; the annual runoff change of the four stations is shown in Figure 2 .
CASE STUDY
As can be seen from Figure 
PERIODIC CHARACTERISTICS OF RUNOFF Maximum entropy spectrum
To determine the implicit period of the measured hydrological series, different series lengths need to be selected 
PREDICTION OF FUTURE CHANGE TREND OF ANNUAL RUNOFF
According to the primary main period of the wavelet variance figure, the corresponding wavelet coefficients can be analyzed, as shown in Figure 11 .
As can be seen from Figure 11 , on the 14-year characteristic time scale, the average period of runoff change in the basin is about 5 years, which has experienced about five cycles of wet and dry seasons. It can be seen that after 2014, the wavelet coefficient of the 14-year scale began to change from a negative value to a positive value. Therefore, in the 1-3 years after 2014, the runoff is in the period of abundant water, and in the 3-4 years after 2018, it will enter the dry season. 
DISCUSSION
CONCLUSIONS
In this study, the maximum entropy spectrum method and wavelet analysis method were used to study the periodic regularity of annual runoff in the Lower Yellow River.
Through the study of the series of the four stations, the fol- The wavelet method can analyze the change characteristics of runoff at different scales. However, runoff change also has the characteristic of localization, the change characteristics of runoff may be different at different scales of the same time series, and the characteristics of periodic change may also be different. Therefore, the periodic analysis of runoff only makes sense within a certain scale. In addition, the length of time series will also have some influence on the results of periodic analysis. The time series of that year will be transformed into the month series, and the results will also be different.
By analyzing the future cycle trend of runoff in the Lower Yellow River, the runoff stage in the future can be determined, and then river management, river engineering, and ration allocation of water resources can be guided.
Through analyzing the change trend of future runoff in the Lower Yellow River, the runoff will enter a dry stage after 2018; therefore, it is suggested that water conservancy engineering departments take appropriate measures to control the industrial and agricultural water, and to build some interbasin water transfer project. In this way, rivers can run healthily and water for agriculture and industry can be guaranteed.
This research only analyzes the annual runoff series; the monthly and seasonal runoff series were not analyzed.
There are many factors influencing the change of annual runoff, which bring uncertainty and randomness. It results in the periodic analysis of time series being disturbed by these factors; the periodic change regularity of runoff is different in natural conditions and under human interference, which will be an interesting topic for further study.
